The ferromagnetic Heusler alloy CuaMnAl has a body-centred cubic structure with an ordered arrangement of the atoms. Considerations of valency and atomic diameters suggested that if the aluminium were replaced by indium the superlattice would be more stable, and that a homogeneous alloy would be obtained if the indium content were slightly less than that required by the formula Cu2MnIn. An alloy of composition Cu2.057Mno.975Ino.9g5 was pre pared and was ferromagnetic in the as-cast state, and also after a variety of heat treatments. The intensities of magnetization were measured in field strengths between 7250 and 17,150 oersteds at temperatures between -183° C and the Curie point. X-ray powder photographs show that the indium alloy has the same structure as the aluminium Heusler alloy but with a larger lattice spacing. This increase in the size of the unit cell means an increase in the R/r value for the closest approach of manganese atoms from 2*84 in Cu2MnAl to 2*98 in Cu2MnIn, and corresponds with a fall in Curie point of 97° C. The two alloys are strictly analogous as regards structure and valencies, and the results suggest that in the indium alloy the critical value of 'R/r is being approached at which ferromagnetism will disappear. Reasons are given for supposing that the ferromagnetism is due to interaction between manganese atoms, in which case the Bohr magneton number per atom of manganese is approximately 4, and manganese behaves as a univalent element, in agreement with conclusions reached independently from the study of phase-boundaries in ternary Cu-Mn-Al alloys.
The well known Heusler alloys have a composition given approximately by the formula Cu2MnAl. An alloy of this composition on slow cooling is non-magnetie and has a structure resembling th at of y-brass, whilst the ferromagnetic form ob tained by quenching has an ordered body-centred cubic lattice. The structure of the ferromagnetic alloy was deduced independently by Bradley & Rodgers (1936) and by Heusler (1934) and is shown in figure 1 .
The unit cell contains eight of the small body-centred cubic cells, and there are four kinds of atomic position which may be denoted a, and d. In the ideal superlattice structure the manganese and aluminium atoms occupy positions d and b respectively, whilst the a and c positions are occupied by copper atoms. According to Heusler (1934) the quenched alloy is not perfectly ordered, and on ageing.at approximately 100° C the degree of order is increased, and the magnetic properties are improved. The previous work suggested, therefore, th a t the ferro magnetic properties of an alloy of this type depend on placing the atoms of m an ganese in a body-centred cubic' structure with the further condition th at a super lattice must be formed in which the manganese atoms are prevented from being either closest or second closest neighbours. I t has been shown by Hume-Rothery (1948) th at in ternary alloys of manganese with copper and zinc or aluminium, the phase boundaries in the equilibrium diagram suggest th a t manganese acts as a divalent element in copper-rich alloys, and as a univalent element in more con- centrated alloys. If manganese be univalent, the composition Cu2MnAl corresponds to an electron/atom ratio of 3/2 and so satisfies the condition for the formation of a body-centred cubic structure. In this alloy it is clear th a t the superlattice is not very stable. The arguments of Hume-Rothery & Powell (1935) suggested to us th a t the stability of the superlattice would be increased if either the manganese or the aluminium were replaced by an element of larger atomic diameter. As the ferro magnetic properties depend on the manganese, it was the aluminium which had to be changed for an element of the same valency but of somewhat larger atomic diameter, and for this, purpose indium appeared to be suitable. The work of Hume-Rothery, Reynolds & Raynor (1940) has shown th a t in the binary system copper-indium a typical body-centred cubic /?-phase is formed although its composition lies entirely on the copper-rich side of th a t corresponding to the formula Cu3In. This effect was regarded as due to the existence of short-range order in the alloy, and suggested th a t for the present purpose an alloy should be prepared with an indium content very slightly less than th at of the formula Cu2MnIn. The present paper describes the preparation and properties of this alloy and shows th a t the predictions have been confirmed.
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The alloys were prepared from some especially pure copper kindly presented by the British Non-Ferrous Metals Research Association, indium metal of the highest purity made by Messrs Johnson Matthey and Co. Ltd., and pure electrolytic manganese which was treated in hydrogen in order to remove surface oxidation. Alloys were first prepared by melting the three metals together in an induction furnace, using an atmosphere of hydrogen. I t was later found more convenient to prepare first a master alloy of copper and manganese which was remelted with the required amount of indium, using a resistance furnace and a flux of potassium chloride. The resulting alloys were obtained in the furnace-cooled state or were cast into graphite moulds to give ingots § in. in diameter. All alloys were given a preliminary homo genization treatm ent of 4 days a t 534° C, and were then treated in different ways as described below. The annealing experiments were carried out in sealed, evacuated glass tubes. The alloy used for the magnetic measurements was analyzed after the heat treatments B, C and D referred to on p. 129. All three metals were determined and the percentage totals lay between the limits 99*94 and 99*97. These totals refer to material which had been annealed and quenched in water; it was found th at the quenching produced slight superficial oxidation, and from the above figures it is clear th a t the melting and annealing techniques gave alloys of high purity.
Crystal structure a n d lattice spacing
Several alloys were prepared with compositions near to th at of Cu2MnIn. All were ferromagnetic in the cast state and after different heat treatments, but micro scopic examination showed th at some were two-phase in structure. Attention was finally concentrated on an alloy whose composition corresponded to the formula Cu2.057Mn0.975In 0.965 ( 44*4% copper, 18*2% magnesium and 37*4% indium by weight). Under the microscope this alloy was homogeneous after quenching from 534° C, and after cooling in air from this temperature, and also after very slow cooling from 534° C, although as shown later (p. 129) the magnetic measurements suggest th at very slight sub-microscopic precipitation of a non-magnetic phase may have occurred during the slow cooling.
Debye-Scherrer diffraction films were taken, using unfiltered iron radiation.* Alloys which had been annealed were brittle and could be ground to powder in a mortar, but the resulting Debye-Scherrer films showed fuzzy lines indicating th at the material is able to undergo plastic deformation. The powder patterns from filings which were annealed and slowly cooled were indistinguishable from those of filings quenched from 534° C. Both showed the typical body-centred cubic lines together with the superlattice fines expected for the Heusler type of structure. I t is thus clear that, in agreement with expectation, the superlattice of Cu2MnIn is much more stable than th at of Cu2MnAl.
As shown by Bradley & Rodgers (1936) , the Debye-Scherrer fines of the Heusler structure fall into three groups: (1) the fines of the 220, 400, 440,... reflexions which are those of the simple body-centred cubic structure with the indices doubled so as to refer to the large unit cell of figure 1 instead of to the small cubes ; (2) the superlattice fines of the 111,311,... reflexions with h, and l odd; and (3) the super lattice fines of the 200, 420, ... reflexions with h, and l even. In the Heusler alloy Cu2MnAl the aluminium atom has the lowest scattering power of the three, and the superlattice lines of class (2) are in general weaker than those of class (3). In the alloy Cu2MnIn the indium atom has the highest scattering power, and it is easy to show th at this results in the superlattice lines of class (3) being on the whole stronger than those of class (2). Table 1 shows the relative intensities of the lines calculated for iron K a radiation taking into account the abnormal scattering power in the region of the absorption edge, together with the visual estimates of intensities. I t will be seen th at the expected reversal of the intensities of superlattice lines of odd and even indices is confirmed. In the paper of Bradley & Rodgers (1936) calculations were also made of the relative intensities of Debye-Scherrer fines from structures in which aluminium atoms occupied the 6 positions in figure 1, and copper and manganese atoms were assumed to occupy the a, c and d positions in ways other than th at of the Heusler alloy structure. We have made similar calculations for the alloy Cu2MnIn and the resulting intensities of the superlattice fines cannot be reconciled with those observed. I t is thus clear th a t the alloy Cu2MnIn has the true Heusler structure with the aluminium atoms in the b positions, the manganese in the d positions, and the copper atoms in the a and c positions, and th at the superlattice is extremely stable. The lattice spacing of the alloy Cu2.057Mn0.975In 0.965 was determined as =6* 1865 A for quenched specimen 2B a t 19*5° C, and as 6*1881 A for air-cooled specimen 2C a t 19° C.
Magnetic pr o per ties
The saturation intensities of the alloy specimens were measured by the ring balance evolved by Sucksmith (1939) . The alloys were too brittle to be worked to shape, and were therefore examined as coarse crushed powder* which was packed * The diameter of the particles was of the order I mm.
into the cylindrical specimen container 4 mm. long by 2 mm. diameter. The speci mens weighed about 40 mg. and as the intensity of magnetization of the alloy was low, the effect of the demagnetizing factor was readily overcome in the relatively large magnetic fields used (7000 to 17,000 oersteds).
The saturation intensity of magnetization per unit mass for each specimen was measured at -183° C, -75° C, room temperature, and at temperatures up to Curie point. All the measurements were made relative to pure iron (Johnson and Matthey) as standard, the intensity per unit mass being taken as 217*8 at 17° C (Weiss & Forrer 1929) . The mass of the pure iron specimen was adjusted so th at it gave deflexions of the same order as those of the alloy specimen.
The alloy of composition Cu2.057Mn0.975In 0.965 was examined after the following heat treatments:
A. Homogenized for 4 days at 534° C, quenched and crushed. B. Treated similarly to A, and then reannealed for 12 hr. at 534° C and quenched. C. Treated similarly to A and then reannealed for 12 hr. at 534° C and allowed to cool in air.
D. Similar to C but cooled very slowly. The intensities of magnetization per unit mass were measured in external magnetic fields of seven strengths between 7250 and 17,150. The field inside the specimen could not be calculated because the demagnetizing factor for the powder was unknown.* Extrapolation to infinite field strength was thus not possible, but as the alloy saturates easily in the field used, little error results from taking the value of the intensity in the highest field strength (17,150) instead of that in infinite field strength.
The saturation intensities at room and low temperatures are shown in table 2 from which it will Be seen th at the quenched specimen B has the highest mag netization. The slightly lower values for specimen D may be the result of submicroscopic precipitation of a non-magnetic phase during the very slow cooling; this hypothesis would agree with the fact th at the figures for the more rapidly cooled specimen C are almost the same as those for specimen B. The material of specimen A (crushed after homogenization but not reannealed) differs only slightly from those of specimens B, C and D, and the figures in table 2 show that when once the material has been homogenized, its magnetic properties are comparatively little affected by later treatments, either mechanical or thermal.
In figure 2 the values of <r for specimen B at 290, 197 and 90° K are plotted as functions of T and T2 , and it will be seen th at the T72 relation is approxi straight line in agreement with the general conclusions of Fallot (1935) . We believe th at the straight line law does not hold exactly at temperatures as high as 291° K, and have therefore extrapolated the straight line through the two lowest points in order to obtain the saturation value cr a t the absolute ze external magnetic field# = 17,150 oersteds is 74*4 ergs/oersted/g. On the assumption th at the magnetic properties of the alloy are due entirely to the manganese, this * If, however, the powder is assumed to act as a collection of independent spherical grains the value of the demagnetizing field for a particular specific intensity of magnetization would be I(47rp<r), which for p -8 and o* = 64 is 2100 oersteds. corresponds to a Bohr magneton value for the manganese atom of 4-04(6).* The validity of this assumption is discussed later. The high temperature measurements were carried out in vacuo and the variation of of specimen B with temperature is shown in figure 3 , indicating an apparent Curie temperature of 243° C in an external field of 17,150 oersteds, and of 233° C in a field of 7250 oersteds. The true Curie temperature, th at appertaining to zero external field strength, would not differ greatly from the latter value.
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D iscussio n
In table 3 we show some physical properties of the ferromagnetic alloys Cu2MnAl, taking the Bohr magneton value and Curie point obtained by Valentiner & Becker (1933) , Cu2MnIn, and of the analogous alloy Cu2MnSn examined by Carapella & Hultgren (1941) . The body-centred cubic form of this last alloy is stable only a t high temperature, and the data refer to quenched material. If manganese and tin are assumed to be univalent and tetravalent respectively, the composition Cu2MnSn no longer corresponds to an electron concentration of 3/2, but in the Cu-Mn-Sn system the /?-phase area at high temperature is sufficiently wide to include this composition. The three alloys form a well-defined group in which the Bohr magneton number of the manganese atom is approximately 4, if the whole of the ferromagnetism is associated with the manganese atoms; if this assumption is invalid a Bohr magneton number of approximately 4N is associated with an atomic group of the type (Cu2MnX) N, where X == Al, In or Sn, and N expresses the unknown molecular weight of the grouping responsible for ferromagnetism.
According to the accepted theory, ferromagnetism requires the presence of atoms with an incomplete shell of electrons to provide a permanent moment, and in practice only d and / shells need be considered because the radius of the incomplete shell must be large. The atoms with incomplete shells must have neighbours with which they can interact to produce a positive value of the exchange integral, and hence the distance between the atoms must not be too great, or else the interaction energy becomes insufficient to stabilize the ferromagnetic condition. Slater has shown th a t in general positive interaction occurs when the ratio of the atomic diameter (i.e. the internuclear distance) to the ' diameter ' of the incomplete electron shell is greater than about 1-5. Stoner (1930) has also shown in his simplified interchange interaction theory of ferromagnetism that the following relationship is in general terms correct: where J -interaction energy per electron pair, 6 = Curie temperature, Z = number of nearest neighbours, k = Boltzmann's constant. The Curie temperature is thus a measure of the interaction energy. The relationship between the interaction energy, as measured by the Curie temperature, and the ratio E/r has been quanti tatively established from observations on the normal ferromagnetics and their alloys. Slater's (1930) empirical rules indicate a value of about 1-47 kX for the radius of the 3 ds hell in manganese and this value has been used in calculating the value of Bjr in table 3. I t will be seen th a t the values of Ejr lie between 2-84 and 2-98, and are considerably larger than those for the normal ferromagnetics. According to the Stoner-Slater hypothesis, the interaction energies should be much weaker owing to the greater separation of the atoms, and this should be manifested by lower Curie temperatures, as is in fact the case. Now gadolinium has been found to be ferro magnetic with a Curie temperature of ~ 16° C with an Kjr value of 3-1. Clearly this indicates the approach to the upper limit of Ejr a t which interaction is insufficient to stabilize the ferromagnetic state. I t is significant therefore th a t the increase in the value of R/r from 2-84 in Cu2MnAl to 2*98 in Cu2MnIn corresponds with a fall of ~ 97° C in the Curie temperature. These two alloys are strictly analogous as regards valencies, structures and electron concentration, and the figures suggest clearly th a t the critical value is being approached at which ferromagnetism will disappear.
Objection has been taken (e.g. Stoner 1934 ) to the view th at the magnetic pro perties of the Heusler alloys are the result of interaction between manganese atoms, on the grounds th at the distances are too great. Slater (1930) suggested th a t in a Heusler alloy the copper atoms might exist in a divalent form with an incomplete d shell so th at interaction could occur between manganese and copper atoms.* This hypothesis appears less probable than th a t of normal interaction between manganese atoms, because it is difficult to imagine the existence of divalent copper atoms in the presence of highly electro-positive metals like aluminium, whose valency electrons would have a strong tendency to fill the vacancies in the d shells of the copper atoms.
If the hypothesis of normal interaction between manganese atoms be accepted, the resulting value of approximately 4 Bohr magnetons per manganese atom would mean th at each manganese atom had about six electrons in the 3 shell (four unpaired, and two paired), leaving approximately one electron free to join the valency electrons of the crystal lattice. This would imply an almost univalent manganese in agreement with the quite independent evidence obtained from the study of the phase-boundaries (Hume-Rothery 1948). I t is also to be noted th at Potter (1928) showed th at the directional characteristics of the magnetic properties of single crystals of Cu2MnAl were those of the face-centred cubic arrangement of the manganese atomsf in figure 1 , and thus provided further evidence for manganesemanganese interaction. On the whole, therefore, the hypothesis of normal inter action between manganese atoms appears the least improbable assumption since it implies a valency agreeing with th at deduced from, the phase-boundaries, whilst the difference in Curie points of Cu2MnAl and Cu2MnIn suggests th at the inter atomic distances responsible for the ferromagnetic interaction is almost a t its limit.
[Note added in proof, 14 December 1948.] Since the proofs of the above paper were corrected, the authors' attention has been drawn to a note by Valentiner (1947) . Details of the work are not given, but the lattice spacing 6*2 A and a Curie temperature of roughly 270° C are in reasonable agreement with the results of the present work.
